The early steps of rabies virus (CVS) infection in vitro were studied in chicken embryo-related (CER) cells. The infection was monitored by looking for specific intracytoplasmic viral inclusions using anti-rabies fluorescein isothiocyanate at 24 h after the addition of virus. The attachment of rabies virus to CER cells was shown to be inhibited by pretreatment of the cells with neuraminidase. These cells recovered their susceptibility to rabies virus infection 6 h after removal of the enzyme. Treatment of CER cells with neuraminidase after the viral attachment step did not inhibit infection. The subsequent delivery of infectious virions into acid prelysosomal vacuoles or lysosomes was studied using lysosomotropic agents. Ammonium chloride and chloroquine were used to prevent the virus fusion step thus preventing infection. Both drugs were shown to inhibit the early steps of infection, NH4C1 having a much earlier effect than chloroquine. The two drugs had no effect on the attachment step nor did NHAC1 inhibit virus multiplication. The use of metabolic inhibitors (2-deoxy-D-glucose and sodium azide) shows that the entry of rabies virus into CER cells does not require the involvement of cellular energy processes. In electron microscopy studies, the presence of rabies virus particles was detected in coated pits and coated vesicles as well as in uncoated vesicles, and later in lysosomes. These data indicate that the mechanism by which rabies virus enters CER cells is probably through adsorptive endocytosis and does not require the participation of cellular metabolic active processes.
INTRODUCTION
Rabies virus is known to be a neurotropic virus from examination of infected tissues in vivo (Matsumoto, 1962; Murphy, 1977) . Results of experiments in vitro have also confirmed the neurotropic aspect of rabies virus infection of dissociated primary cultures of ceils derived from neural tissues (Tsiang et aL, 1983) . It has also been reported that before entering the nervous system, rabies virus infects striated muscles at the site of virus inoculation (Murphy & Bauer, 1974; Harrison & Murphy, 1978) . Experimental evidence has shown that in the next step, rabies virus is probably taken up into the peripheral nervous system at the neuromuscular junction (Watson et al., 1981) , and that it reaches the central nervous system by passive transport through the retrograde axoplasmic flow (Bijlenga & Heaney, 1978; Tsiang, 1979) . Furthermore, some experiments suggest that the nicotinic receptor for acetyl choline is also a receptor for rabies virus (Lentz et al., 1982) .
On the other hand, little is known about the entry pathway of rabies virus into susceptible culture cells. Most of the enveloped viruses have been shown to enter the host cells by adsorptive endocytosis (Dales &Pons, 1976; Talbot & Vance, 1980; Helenius et al., 1980; Marsh & Helenius, 1980; Matlin et al., 1981 Matlin et al., , 1982 Schlegel et al., 1982a) . The paramyxoviruses, however, enter the cells by a different mechanism; these viruses are characterized by their ability to fuse with the cellular membrane, although this property varies among different strains (Lenard & Miller, 1982) .
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Controversial observations have also been reported for vesicular stomatitis virus (VSV) studies by electron microscopy. Simpson et al. (1969) reported the entry of VSV into L cells by adsorptive endocytosis whereas another study with identical cells suggests that VSV penetrates into the cells by fusion of the viral envelope with the cell plasma membrane (Heine & Schnaitman, 1971) .
In the present paper, we examine the entry of rabies virus into susceptible CER cells after its attachment to the cell membrane. The treatment of CER cells by different enzymes was assayed to test the infectibility of the treated cells. In other experiments, CER cells were treated with lysosomotropic agents and different inhibitors to test their effects on virus multiplication. The infection of CER cells by rabies virus was also studied by electron microscopy.
METHODS
Virus. The CVS (challenge strain virus) fixed rabies virus was propagated in BHK21 cells. Monolayers were infected with 5 p.f.u./cell and incubated for 72 h at 37 °C in Eagle's minimal essential medium (MEM) containing 0"2~0 bovine serum albumin (BSA), 2 mM-glutamine, penicillin (100 U/ml) and streptomycin (100 gg/ml). After this time, supernatants were collected, centrifuged (5000 rev/min for 10 min) to remove cellular debris and stored at -70 °C.
Concentration of rabies virus. Rabies virus was concentrated and partially purified as described by Arita & Atanasiu (1980) . Briefly, viral particles were pelleted by centrifugation on a 60~ sucrose cushion in NTE buffer (0-13 M-NaCI, 0-001 M-EDTA, 0-05 M-Tris-HC1 pH 7.8) at 22000 rev/min for 1 h at +4 °C in a Beckman SW27 rotor. The concentrated viral suspension was clarified by low-speed centrifugation and layered over a 15 to 60~ sucrose gradient and centrifuged at 25000 rev/min for 60 min in an SW27 rotor. The concentrated virus was collected from the 45~ sucrose layer, made into aliquots and deep frozen at -70 °C until use. Samples were examined by electron microscopy for the presence of viral particles.
Tissue cultures. Chicken embryo-related (CER) cells were grown at 37 °C in Eagle's MEM containing 1.2 g NaHCO3 per litre and supplemented with 10~o calf serum (Flow Laboratories), glutamine (2 mM), penicillin (100 U/ml) and streptomycin (100 ~tg/ml) as described by Smith et al. (1977) .
Enzymes. Stock solutions of enzymes (Sigma) were made up in phosphate-buffered saline (PBS) as follows: neuraminidase (from Clostridium perfringens, type V), 40 U/ml; trypsin (from bovine pancreas), 105 U/ml; Pronase E (from Streptomyces griseus), 12 U/ml; subtilisin (from Bacillus amyloliquefaciens), 12.2 U/ml; proteinase K (from Tritirachium album), 32-6 U/ml; phospholipase A z (from bee venom), 103 U/ml; phospholipase C (from C. perfringens), 102 U/ml; phospholipase D (from cabbage), 103 U/ml; cholesterol esterase (from porcine pancreas), 20 U/ml. CER cells, grown in microtissue culture chamber/slide (Miles Laboratories) for 24 h at 37 °C in 5~ CO2, were treated with various concentrations of different enzymes as specified in the text for 1 h at 37 °C. After incubation, monolayers were washed three times with Eagle's MEM to remove traces of the enzymes.
In addition, cells treated with phospholipase A2 were incubated for 10 min at 25 °C with 100 mg/ml BSA to extract the enzymic products (Haest et al., 1981) . After treatment the monolayers were inoculated with CVS virus Lysosomotropic agents and metabolic inhibitors. Stock solutions of lysosomotropic agents and inhibitors (Sigma) were made up in PBS as follows: 400 mM-NH,CI, 10 mM-chloroquine, 100 mM-sodium azide, 2 mM-2-deoxy-Dglucose.
Where necessary the solutions were adjusted to pH 6.8 with NaOH or HC1 and appropriate dilutions made into Eagle's MEM. CER ceils were grown in microtissue cullure chamber/slide for 24 h at 37 °C in 5~ CO2. The cell monolayers were washed with Eagle's MEM, refrigerated in an ice-cooled water-bath and treated with CVS virus (1.5 or 0.15 p.f.u./cell) suspended in precooled medium. After 1 h at 0 °C, the cells were washed with prewarmed Eagle's MEM. The drugs were added at different times and for various periods of time as described in the text, and the infected cultures were incubated at 37 °C in 5 ~ CO2. After 24 h incubation, the percentage of infected cells was determined by immunofluorescence.
Immunofluorescence. Immunofluorescent staining was carried out by the direct technique. Virus-infected cell monolayers were washed with PBS pH 7-4 and held in acetone for 5 rain at -20 °C. The cells were then covered with fluorescein isothiocyanate-conjugated rabbit anti-rabies virus nucleocapsid IgG (Institut Pasteur Production). After 45 min at room temperature, cells were washed with PBS, mounted in Elvanol and viewed through a Nachet NS 200 microscope.
Electron microscopy. For electron microscopy studies, cell cultures were fixed with glutaraldehyde (2~) in a cacodylate buffer for 1 h at 4 °C, followed by post-fixation with 29~osmium in cacodylate buffer. After embedding in Araldite and polymerization overnight, serial sections were cut from the bottom in a direction parallel to the plane of cell growth. Sections were stained successively with uranyl acetate and lead citrate, and examined in a Philips 301 electron microscope.
RESULTS

Effect of enzymes on the interaction of rabies virus with CER cells Neuraminidase
Different concentrations of enzyme were used for the pretreatment of CER cells before the viral binding step. The results in Table 1 show a direct relationship between the various concentrations used and inhibition of rabies virus infection. When CER cells were treated with 5 U/ml neuraminidase for 1 h and then incubated for various periods of time at 37 °C in the absence of enzyme, the cells gradually recovered their susceptibility to rabies infection. Six h after removal of enzyme, the cells were as easily infected as the control untreated cells (Fig. 1) .
Protease
Trypsin, Pronase, subtilisin and proteinase K were used at various concentrations to inhibit rabies virus infection. No decrease in the percentage of infected cells was observed with the enzymes tested and at the concentrations used (trypsin, 100 to 1000 U/ml; Pronase, 6 x 10 -3 to 6 x 10 -2 U/ml; proteinase K, 1.6 × 10 -2 to 1.6 x 10 -1 U/ml). Susceptibility to rabies infection was even enhanced after treatment with subtilisin at 6 x 10 -3 to 12 × 10 -3 U/ml, which resulted in 125~ and 150~ fluorescent cells respectively.
Lipase
CER cells were incubated with different concentrations of lipases: phospholipase A2, 0.2 to 10 U/ml; phospholipase C, 0.04 to 10 U/ml; phospholipase D, 0.032 to 4U/ml;Cholesterol esterase, 0.0016 to 0.008 U/ml. Only treatment with phospholipase A 2 showed a dose-response relationship and strongly inhibited viral attachment.
Effects of lysosomotropic agents
The use of lysosomotropic agents has shown that prelysosomal vacuoles or lysosomes were involved in the uptake of various enveloped viruses (Helenius et al., 1980i Miller & Lenard, 1981 Marsh et al., 1983) . To test their role in the entry of rabies virus into CER cells, NH,C1 and chloroquine were used to raise the pH of the lysosomes.
After the virus attachment step at 0 °C for 1 h, the temperature was shifted tO 37 °C as described in Methods. NH4C1 or chloroquine was added to the medium. IncubatiOn Of cultures was continued for different periods of time. After various periods of incubation, the agents were removed and fresh medium was added. All the cultures were incubated for 24 h after the Virus T~I~ results show that both lysosomotropic agents at doses used for other viruses, 20 mM-NI~4EI and 0.1 mM-chloroquine (Helenius et al., 1980; Marsh & Helenius, 1980; Matlin et al., 198t] completely inhibited the infection. However, NH4C1 had an earlier effect and inhibited infection by 80 % 15 min after addition, whereas chloroquine inhibited by only 20 % at that time and up to 1 h after infection (Fig. 2) . To verify that the amines had no effect on the binding of rabies virus to the cell membrane, the cells were pre-incubated with the drugs which were removed before rabies virus infection. Under these conditions, no inhibition was observed. The ceils were also incubated with the amines during the attachment step at 0 °C and removed after 1 h with the virus inoculum before temperature-shift to 37 °C. Here again, no inhibition was observed.
The effects of NH4C1 and chloroquine after the viral attachment step and after incubation at 37 °C for various lengths of time were examined. The results in Fig. 3 show that inhibition of rabies virus infection by both drugs occurred only in the first hours. The addition of NH4C1 1 h after the binding step at 0 °C inhibited only 50 % of the infection as determined by fluorescence and this inhibition did not occur if the drug was added 6 h after the binding step. Again, some difference was observed when chloroquine was added after the binding step; inhibition still occurred 5 h after the binding step (Fig. 3) .
Effects of metabolic inhibitors on the early interactions of rabies virus with CER cells
2-Deoxy-D-glucose and sodium azide have been used to determine whether the entry of rabies virus into CER cells is a metabolically active process. These drugs are known to inhibit glycolysis and oxidative phosphorylation (Hotchkiss, 1944; Webb, 1966) . These two drugs had an inhibitory effect in rabies virus infection as shown in Fig. 4 
Combined neuraminidase-ammonium chloride treatment of CER cells
To exclude the possibility that rabies virus particles that bind to the cellular membrane are not potentially infectious for the cells through the lysosomal entry pathway, an experiment very similar to that used by Matlin et al. (1981) for fowl plague virus was designed. Briefly, rabies virus (1.5 p.f.u./cell) was bound to CER cells at 0 °C in the presence of 20 mM-NH4C1 for 60 min. After washing, one group of cultures was transferred to 37 °C for 20 min while another group was kept at 0 °C. Both groups of cultures were then treated with neuraminidase for 90 rain at 0 °C to remove the virus which had remained on the surface and had not entered the cell. After three washes at 0 °C, MEM at 37 °C was added to the two groups of cultures which were incubated for a further 24 h. Control cultures had NH4C1 present or absent during the whole experiment. The results in Table 2 show that: (i) during the 20 rain warming step prior to the neuraminidase treatment, some virus particles entered and subsequently produced viral inclusions; (i i) the entry of these viral particles was totally inhibited by the presence of N H4 C1. It also shows that (iii) without the 20 min warming step, a reduced percentage of infected cells was observed, and (iv) the infection of these cells was abolished by the presence of NH4C1. 
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Electron microscopy Attachment of virions to CER cells was carried out at 0 °C for 1 h to allow only adsorption of virus particles to the plasma membrane. CER cells have long slender microvilli which appear to be preferred binding sites for rabies virions although virus particles may attach at any part of the plasma membrane. Virions close to the plasma membrane are sometimes seen to be bridged to the plasma membrane by a filamentous material in the space between the virion and the cell (Fig. 5a) . When adsorbed on microvilli, virions are not associated with coated pits; those formations appear exclusively at the base of the microvilli and between them (Fig. 5 b) . Coated pits are very often associated with rabies virions but they are also common structures in CER cells and appear to be as numerous in uninfected cells as in infected ones.
After the attachment of rabies virus to CER ceils, the cultures were transferred to 37 °C and the localization of the virus particles was followed at various times. Five min after transfer, virus particles were seen either in coated or in uncoated vesicles, each of them containing only one viral particle (Fig. 5c) . After a delay of 15 min, larger vacuoles were present in the cytoplasm; these vacuoles contained more numerous virus particles, some seen in cross-section (Fig. 5d) . From 30 min to 1 h, virus aggregates were seen in vacuoles whose membranes fused with lysosomes.
While the process of fusion was in progress, the resulting organelle had an irregular contour and the viral particles did not seem to be mixed with the lysosomal content (Fig. 5 e) . When the fusion was complete, the resulting secondary lysosome appeared as a large vacuole with a smooth contour where viral particles were still visible (Fig. 5 f) .
The process of viropexis was also found during longer infection times. Virus budding from the host cell plasma membrane was seen during its penetration into an adjacent uninfected cell and induced the formation of a coated pit-like structure (Fig. 5g) .
DISCUSSION
In these experiments various drugs and enzymes were used to study the early steps of rabies virus entry into CER cells.
Proteolytic digestion of the CER cell surface does not modify the susceptibility of these cells to rabies virus infection. On the other hand, neuraminidase was found to inhibit rabies virus binding to these cells. It is interesting to compare thesc results with reports on VSV, since both neuraminidase and proteolytic treatment of cells did not inhibit viral binding or even enhance cellular susceptibility (Schloemer & Wagner, 1975; Schlegel et al., 1982 b; Seganti et al., 1982) .
Neuraminidases of various origin were also compared. Neuraminidase of the highest purity available (Sigma; from C. perfringens type X) gave identical results, whereas the enzymes from V. cholerae (Behringwerke, Marburg, F.R.G. ; Serva, Heidelberg, F.R.G.) were not active and neuraminidase from Arthrobacter (Boehringer, Mannheim) was toxic for the cells (H. Tsiang et al., unpublished results) .
Treatment of cells with phospholipases A2, C, D and cholesterol esterase shows that only phospholipase A 2 has a dose-response relationship with an inhibitory effect on CER cells. Rabies virus may also bind to phospholipid structures like VSV which has been shown to bind to phosphatidylserine molecules (Schlegel et al., 1983) . Increasing evidence is accumulating for the participation of lipids in the binding of viruses to cell membranes: Sindbis virus to cholesterol and phosphatidylethanolamine (Mooney et aL, 1975) and Sendal virus to gangliosides (Haywood, 1974; Markwell et aL, 1981) . In preliminary experiments, rabies virus also appeared to bind to gangliosides (H. Tsiang, unpublished results).
In electron microscopy studies, binding of rabies virus was shown to occur in coated pit-like structures followed by entry into coated vesicles. Rabies virus was also found in uncoated pits at the cell surface. Which of these two mechanisms is effectively delivering infectious viral particles into the cell is still not resolved.
Rabies virus particles in the lysosomes seem to enter a phase of degradation. It is therefore most probable that the virions which are potentially infectious would fuse with the cell by entering a cellular compartment which would not degrade the integrity of the virions. Recent findings have shown that penetration occurs in prelysosomal endocytic vacuoles (endosomes) rather than in secondary lysosomes (Tycko & Maxfield, 1982; Marsh et al., 1983) . It is reasonable to assume that rabies virus enters the cell by fusion with the endosome membrane, thus escaping the process of enzyme degradation in the lysosome.
In our experiments, the inhibitory effect of NH4C1 is restricted to early events in infection in CER cells. Combined neuraminidase and NH,C1 treatment of CER cells also shows that the neuraminidase-resistant rabies virus particles were potentially infectious. Since the major effect of NH,C1 is to raise the pH (De Duve et al., 1974; Ohkuma & Poole, 1978) , it is reasonable to conclude that it affects a lysosome-dependent stage in the infectious process of rabies virus.
In addition to its lysosomotropic effect, in our experimental conditions, chloroquine also had an inhibitory effect on the later stages of rabies virus infection. A very similar situation is also found in VSV multiplication.
The experiments using fusion conditions during the binding step show that rabies virus infection can occur at low pH, but under these conditions the infection could still be prevented by NH, C1. This suggests that even if fusion occurs, as shown by electron microscopy (Iwasaki et al., 1973) and labelled rabies virus-binding studies (Perrin et al., 1982) , the entry of infectious rabies virus into the host cell occurs by endocytosis.
Our results are more comparable with those of Matlin et al. (1981) using canine distemper virus where infection can be interrupted by NH, C1 under low pH conditions.
The energy metabolism of the cell does not seem to be implicated in the early interactions of rabies virus with host cells. The time sequence in the effects of 2-deoxy-D-glucose and sodium azide shows that these two metabolic inhibitors have only significant inhibitory activity in the later stages of rabies virus infection. In this regard their effects are close to those observed with influenza virus (Patterson et al., 1979) .
Our investigations support the hypothesis that prelysosomal vesicles are involved in the entry of rabies virus into CER cells. However, the entry of rabies virus into susceptible cells in naturally occurring rabies certainly involves more than a single mechanism. The infection of muscle cells at the site of virus inoculation which implies the eventual role of the nicotinic receptor to acetylcholine (Lentz et al., 1982) is probably different from that occurring at the level of neuronal structure. Similar experiments using neuroblastoma cells (NS20) resulted in identical observations (data not shown),suggesting that neuronal cells are also infected through the lysosomal pathway.
